In order to automatically and safely control long distance water delivery projects in winter, there is a need for a reasonable and feasible transition mode to avoid the emergence of ice jam. Based on open canal hydraulics, a mathematical model of canal system operated by constant downstream depth method is developed. The principle of combining feed-forward control of discharges with feedback control of water level is adopted for operation of check gates and a simulation model of multiple serial canal sections is established. Also, reasonable parameters of proportional-integral (PI) controller and logical dead band are obtained by trial and optimizing. The model is applied to simulate the operation process of the canal sections part of the main canal of the middle route of the South-to-North Water Transfer Project in China. Flow velocities are reduced to less than 0.4 m/s by decreasing discharges of canal pools and turnouts in terms of 3 days' cold current forecast in advance. As a result, discharge in canal was reduced from 70% designed capacity to less than 30%, which is a big challenge for the controller. This paper tests the suggested transition mode from open-channel water transfer state to a low flow ice-forming state at the MATLAB platform, and the results show that this model can achieve the expected goals.
NOMENCLATURE
The following symbols are used in this paper. For water delivery projects, winter operation is supposed to be divided into three periods. The normal period refers to the state of flow with free surface (Figure 2(a) ); the transition period refers to the procedure from the arrival of cold current to the formation of ice cover; the ice period refers to the period of water transfer under the stable ice cover (Figure 2(b) ). In the transition period, when the cold current arrives, there will be ice flowers in the canal. Ice cover or ice jam will form with the gathering of ice flowers depending on the operational performance ( Figure 3 ).
Control of the canal system during this period is more important and challenging than that with ice cover (Table 1) . This paper focuses on the transition mode for water delivery before freezing in winter. The purpose is to provide a proper methodology to safely and automatically control long distance water delivery projects in high latitudes of the world. Mathematical model of the canal system
The canal system is usually divided into a series of sections (also called canal pool) by check gates. Also, there are turnouts and inline structures in the canal system ( Figure 5 ). The upstream boundary is assumed to be a reservoir with infinite storage so that a steady upstream water level can be achieved. Downstream are water users, so the downstream boundary can be taken as a changing process of water levels or discharges.
Unsteady flow in open channels is usually described by the one-dimensional Saint Venant equations, which are expressions for conservation of mass and momentum (Strelkoff & Falvey ) :
These are hyperbolic non-linear partial differential In the modeling process, every canal section is divided into several sub-pools by a number of nodes. Flow through inline structures is different from that in the canal, so relevant inner boundary treatment measures are therefore taken to generalize these hydraulic structures.
Mathematical model of aqueducts
There are more than 30 aqueducts in the MRP. Their crosssections are smaller than the approaching canals, thus flow velocities are much larger. Figure 6 shows a diagram of an aqueduct with a check gate at the entrance. The aqueduct is simplified as a specific canal section with upstream and downstream transition sections.
Mathematical model of inverted siphons
In the MRP, there are about 117 inverted siphons. As shown in Figure 7 , the check gate is located at the exit of the In general, water diversion discharge of an individual turnout is much smaller than the designed capacity of the main canal. According to the result calculated by the equations in the hydraulic formulas set (Japanese Society of Civil Engineers ), even if the water diversion discharge is large, the water surface drop is only a few millimeters. So, turnout boundary is treated as continuous water level and a sudden loss or increase of discharge according to customer consumption or recharged inflow: the discharge through a submerged radial gate:
OPERATION AND CONTROL
In general, a reasonable control model, proper operation method of the canal system, applicable operation technology of check gates and logical dead band should be selected to achieve accurate control and safe water transfer in winter.
Operation and control concept of the main canal
The canal operation and canal control concept are the backbone of automation. The former is used to determine a water supply plan, and the latter to confirm the adjustment method of control structures to meet canal operation.
These two concepts need to synchronize with each other.
The canal operation concept is generally divided into an upstream operation and a downstream operation. In a system with an upstream operation, water is released from the source according to demand, and the adjustment of each gate is based on the upstream information. Due to the difficulty of precisely predicting the actual water demand, water users at the downstream end often receive excessive or insufficient water. Water supply and demand, however, are better matched in a system with a downstream operation concept, in which water is released according to the actual water withdrawal from the canal, and the adjustment of each gate is based on the downstream information.
Therefore, the downstream operation concept and downstream control concept are adopted in this paper.
Canal system control methods include local manual control, local automatic control and centralized supervision control. In this paper, the centralized supervision control method is used in the simulation of transition mode of the MRP to mitigate the large hysteresis quality of the long distance water delivery canal system. Overall, a constant downstream depth controlled variable is more suitable for use for the canal system operation in winter.
Canal operation method

Control model
The 
The feedback control is applied to the water level at the downstream end of each pool. Any deviation from the target water level is fed back into the control algorithm in order to produce a corrective action that moves the controller variables towards their target values.
Over the past 40 years, researchers have proposed many automatic feedback control algorithms for canal systems (Malaterre et al. ) , such as classic proportional-integral (PI), fuzzy, heuristic, predictive, robust, and optimal feedback controllers. For the control of large canal systems, the PI controller is both simple and robust, and it is also easier for hydraulic engineers to understand. Therefore, the conventional PI control system is used in this paper, which comprises PI controller and controlled objects (Figure 11 ).
The PI controller uses error e(t) as input, and here e(t) is the difference between actual water level c(t) and set point level r(t). The controller output is a linear combination of the proportion (P) and integration (I) of the error e(t). The control equation of PI controller is as follows: Approximate transformation can be expressed as follows:
t ≈kT (k¼ 0, 1, 2 . . . )
Therefore the discrete PI equation is: In real canal operation, we actually care more about the increment of controlled variables and controller output;
thus an incremental algorithm is more appropriate and Equation (8) will transform to:
The incremental value can be achieved according to
Equations (9) and (10):
Δe(k) ¼ e(k) À e(k À 1) (12) Figure 12 shows the essentials of an incremental PI control system.
In this paper, deviation (e) of the target water level (Y T ) and actual water level (Y F ) is fed back into the incremental PI control algorithm, and then the incremental value of gate opening (ΔDG2) can be found by the following equation:
If ΔDG1 and ΔDG2 are in-phase, the larger value is adopted; while they are in antiphase, the sum is adopted.
ΔDG1 and ΔDG2 are combined with this strategy to get the final gate position change signal. As well, the output value should be larger than the gate dead band and not exceed the maximum gate moving speed.
Operation technology of the check gates
The most typical canal control structures are check gates, which have become the main measure to adjust canal flow. There are several operation technologies of check gates, such as sequential operation, synchronous operation, and selective operation. In order to shorten the transition time, check gates are assumed to be operated synchronously in this paper.
Dead band
To prevent the controlled device (gate) from continuously operating, a dead band is usually set in the comparator of the control system. It is a predetermined range and the output values within this range are set to be zero. The difference between the measured value and the setpoint reference value must be greater than the dead band before an output of the comparator will result (U.S. Bureau of Reclamation ):
j j> e 0 j j (14) Figure 13 is what the PI control algorithm looks like after adding the dead band. For a long distance water delivery canal system like the MRP, a centralized supervision control method and synchronous operation of check gates are used. In this paper, the simulation system of multireach canal system operation and control is built based on the methodology as in Figure 15 .
This model is coded and simulated on the MATLAB platform, which was developed by U.S. Math Works in 1984 and now is the most popular computer-aided design language and software tool to control systems. Figure 16 shows the flow chart of multireach canal system operation and control.
Target canal system
The target canal used in this paper is one canal section of the MRP from Anyang to Beijing (Zhang & Wen ) . the flow rate of inline turnouts in the same proportion, there must be a section whose velocity is the first to reach 0.4 m/s, and then the canal pool number K of this section as well as the flow ratio C K should be identified. Referencing the continuity equation, discharges of the turnouts downstream of the pool K should never be increased; the turnouts above can be increased based on the coefficient C K . In the transition process, downstream water demand is reduced • With this simulation model, flow velocities in canals can be reduced to below 0.4 m/s (Figure 21) , which creates good conditions for the canal system to form stable ice cover and reach freeze-up state.
• In order to form stable ice cover, discharges of canal pools after transition are less than 30% of the canal capacity ( Figure 22 ). • In this paper, parameters of the PI controller (K p ¼ 10 and K i ¼ 0.6) are obtained by trial and optimizing work.
When controller parameters vary within a certain range (K p varies around 10 and K i varies around 0.6), the canal system can still remain stable and the dynamic performances will not decrease obviously. That is to say, the control system is a robust system within a certain region (here it can be taken as a controller clan in twodimensional space for K p and K i ).
• In this paper, only water level and discharge changes are considered in the control process. In the actual canal system, there are other factors affecting the operation and control, such as the changes of roughness.
• In this paper, a constant downstream depth operation method is used for the canal system, because the 
CONCLUSION
Based on previous work, this paper has presented a transition mode of long distance water transfer before freezing in winter. Flow velocities can be reduced to below 0.4 m/s by linearly decreasing the discharges of canal pools and turnouts within 3 days according to the current cold forecast in advance. A stable ice cover will therefore form on the water surface of the canal system and the damage of ice jam or ice dam can be avoided. In this case, discharges of canal pools are less than 30% of the designed capacity.
After formation, the ice cover stably joints the channel lining. Then, water is delivered under the ice cover, so discharges in canals can be increased from upstream to improve water conveyance capacity. The transition mode from an open-channel water transfer state to a low flow ice-forming state in this paper is important for the safety of long distance water transfer in winter and can also assist engineering practice.
